Abstract. In this paper, the dynamics of rolling bearing with localized defects of the outer ring and rolling element are investigated. In order to study the nonlinear dynamical behaviors of the rolling bearing precisely, a novel dynamic model of the rolling bearing is established based on the Lagrangian approach. By setting 0.2 mm, 0.4 mm and 0.6 mm local defects on the outer ring and rolling element of bearing respectively, the results demonstrate that the amplitude of the rolling bearing is more intense as the local defect size increases, and the acceleration amplitude fluctuation is more significant than the velocity. In addition, in the case of the same defect size, the vibration of the rolling element defect is more intense than the vibration response caused by the outer ring defect.
Introduction
Rolling bearings are an important part of the mechanical system, widely used in automobiles, ships and aircraft and other large mechanical systems. They have a great influence on the dynamic behavior of the rotating machines and act as a source of vibration and noise in these systems [1, 2] . Therefore, the surface detection and diagnosis for the rolling bearing systems are one of valuable works for industrial maintenance. Although various detection and diagnosis methods have been presented for the rolling bearing systems, modeling and simulation methods are one of accurate approaches for predicting the dynamic performance of the rolling bearing systems [2, 3] , especially for the vibration characteristics caused by the surface defects [4] .
In the past few decades, most studies have focused on the fault diagnosis method of rolling bearing systems with signal processing. For instance, Jiang et al. [5] studied rolling bearing fault identification using multilayer deep learning convolutional neural network. Ding et al. [6] presented fault diagnosis of rolling bearing based on improved CEEMDAN and distance evaluation technique. In recent years, A lot of research works have been conducted to dynamic behaviors for rolling bearings. For example, He et al. [7] introduced the nonlinear impact behaviors with the vibration force increasing, when the vibration frequency is determined. In their research, they established the piecewise non-smooth experiment model of three-degree-offreedom rolling bearing system with fault in inner ring, and used the experiment method to further reveal the bifurcations and chaos of bearing system through establishing the Poincaré mapping on the collision plane. Cao et al. [8] developed a dynamic model to investigate vibrations of high speed rolling ball bearings with localized surface defects on raceways. Liu et al. [9] studied the impulse vibration transmission through the deep groove ball bearing systems caused by a localized surface defect on the bearing raceways. Sopanen et al. [10] proposed dynamic model of a deep-groove ball bearing including localized and distributed defects with six degrees of freedom. Kıral et al. [11] investigated the vibration analysis of rolling element bearings with various defects under the action of an unbalanced force. Patil et al. [12] presented a theoretical model to predict the effect of localized defect on vibrations associated with ball bearing.
Based on the research results of the previous description, the main purpose of this study is to conduct a study based on dynamic response of rolling bearing with localized defects. The paper is organized as follows: The dynamic model of rolling bearing with surface defects is established in Section 2. The dynamic response of outer ring and rolling element defects are discussed in Section 3, respectively. In the end, the conclusions of this paper are given in Section 4.
System model of surface defects in rolling bearing
It is assumed that the rolling bearing rotates at a steady speed, the friction generated during the rotation of the bearing is overcome, regardless of the elastic deformation of the component, the rolling element is in close contact with the raceway, the gap is changed, the system potential is constant, the influence of lubricating oil can be ignored. The nonlinear dynamic equation of rolling bearing is established. The angle between the ′-axis of the rolling element and the center of the bearing in the -axis direction is , the angle between the ′ axis of the rolling element and the -axis direction of the bearing center is , and the two generalized coordinates are = , = , respectively, as shown in Fig. 1 . Two sets of Cartesian coordinate systems are established respectively on the rolling bearing, namely, the bearing center coordinate system and the ball center coordinate system ′ ′ ′ ′. In the bearing center coordinate system , the origin of the bearing center coordinate system is the rotation center of the bearing outer ring, the inner ring and the cage, the axis is the rotation axis, and axis is the vertical direction. In the ball center coordinate system ′ ′ ′ ′, the center of the ball coordinate system is the center of the ball, ′ and are parallel, ′ axis is along the direction of the ball movement, ′ axis is located in the center of the bearing and ball center connection. According to the principle of moment of inertia, it is not difficult to find the moment of inertia of the outer ring, inner ring and rolling element, respectively, as follows:
where , and represent the mass of the outer ring, the inner ring and the rolling element of the rolling bearing, respectively. The inner and outer ring thicknesses are , the ball radius is . and represent the radius of the outer ring and the inner ring of the rolling bearing respectively, , and represent the moment of inertia outer ring, inner ring and rolling element of rolling bearing, respectively.
According to the kinetic energy formula, the kinetic energy of rolling bearing, inner ring and outer ring can be respectively written as:
where is expressed as the kinetic energy of the -th rolling element. and represent the coordinate positions of the -th rolling center, represents the angular displacement of the -th rolling element, and represent the moment of inertia of rolling element:
where is the sum of the kinetic energy of all rolling elements:
where is expressed as the kinetic energy of the inner ring of the rolling bearing, and represent the coordinate position of the center of the inner circle, and denotes the moment of inertia of inner ring. The kinetic energy of the outer ring of the rolling bearing can be determined using the following formula:
In which, is expressed as the kinetic energy of the outer ring of the rolling bearing, and represent the coordinate position of the outer center, represents the angular displacement of the outer ring, and represent the moment of inertia of outer ring.
The sum of the kinetic energy of the outer ring, the inner ring and the rolling element of the rolling bearing can be deduced as follow:
where denotes the partial velocity of the -th ball to -th generalized coordinates, denotes the partial velocity of the inner circle to -th generalized coordinates, denotes the partial velocity of the outer circle to -th generalized coordinates. represent , and . , , , , , are expressed as the equivalent moment of inertia. Because they are related to partial velocity, they are usually and function.
Substituting Eq. (6) into the Laplace equation:
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It is supposed that the external force -th and the external torque -th are applied to the rolling bearing, the potential energy is constant and the number of the roller pressed is equal to the number of external forces, so the generalized force and to the coordinate can be expressed as follow:
where and represent the components of the -th external force in the and direction, respectively.
Lagrange motion equation for an unconstrained dynamical system is as follows:
where and are the system kinetic and potential energies, respectively. Substituting Eqs. (7)- (10) into Eq. (11), the nonlinear dynamic equation of the rolling bearing can be written as:
(12)
Dynamic responses results and discuss
In this section, the dynamic responses of rolling bearing with outer ring defects and rolling element are researched. The simulation results show that the localized defects of the outer ring and rolling element will affect the dynamic performance of the rolling bearing. In the simulation, select the model of 6307 deep groove ball bearings as the object of study, set the radius of 1.5 mm for the ball. The outer ring is fixed, the speed of inner ring is set to 3000 r/min. The radius of the localized defect is set to 0.2 mm, 0.4 mm and 0.6 mm respectively, the bearing is subjected to an axial load of 3000 N and a radial load of 2000 N.
The velocity, and acceleration of the outer ring without/with 0.2 mm, 0.4 mm and 0.6 mm defects are shown in Figs. 2 to 4 , respectively. It is can be seen from Figs. 2 to 4, with the rolling bearing outer ring defect size increases, the velocity and acceleration of the system have a significant effect in and directions. Compared with the non-defective rolling bearing dynamic response, when the outer ring defects from 0.2 mm to 0.6 mm, the maximal value of the velocity in direction increases from 0.012 mm/s to 0.026 mm/s, the maximal value of the velocity in y direction increases from 0.014 mm/s to 0.030 mm/s, the maximal peak value of outer ring acceleration increases in direction from 54.77 mm/s . Obviously, whether in the direction or direction, the outer ring defects have a greater impact on the acceleration than the velocity.
Acceleration of the rolling element with 0.2 mm, 0.4 mm and 0.6 mm defects are shown in Fig. 5 . As can be seen from Fig. 5 , with the rolling element localized defect size increases, the acceleration of the system have a remarkable influence in and directions. Compared with the non-defective rolling bearing dynamic response, when the rolling element defects from 0.2 mm to 0.6 mm, the maximal peak value of rolling element acceleration increases in direction from 54.77 mm/s The simulation results show that whether in the direction or direction, the acceleration of the system increases with the increase of the localized defect. In addition, compared with the outer ring of the rolling bearing defects, the rolling element has a greater influence than the outer ring under the same localized defect size. 
Conclusions
In this work, the nonlinear dynamics of rolling bearing with the localized defect of outer ring and rolling element are investigated. Dynamics differential equations are established based on the Lagrangian approach.
The localized defects of 0.2 mm, 0.4 mm and 0.6 mm are set on the surface of the outer ring. The dynamic simulation of these localized defects is completed by ADAMS software. The simulation results show that the amplitude of the rolling bearing is more obvious as the localized defect sizes increase. Moreover, in the same defect size, the vibration of the rolling element is more intense than the outer ring. 
